Excessive production of reactive oxygen species (ROS) and endoplasmic reticulum (ER) stress-mediated responses are critical to embryonic development in the challenging in vitro environment. ROS production increases during early embryonic development with the increase in protein requirements for cell survival and growth. The ER is a multifunctional cellular organelle responsible for protein folding, modification, and cellular homeostasis. ER stress is activated by a variety of factors including ROS. Such stress leads to activation of the adaptive unfolded protein response (UPR), which restores homeostasis. However, chronic stress can exceed the toleration level of the ER, resulting in cellular apoptosis. In this review, we briefly describe the generation and impact of ROS in preimplantation embryo development, the ROS-mediated activation mechanism of the UPR via the ER, and the subsequent activation of signaling pathways following ER stress in preimplantation embryos.
Introduction
Development of economically important animals in laboratory environments can be critical for their successful survival, and in vitro-produced (IVP) embryos may determine the fate of large multi-cellular animals [25] . Poor in vitro development and uncontrolled growth are major obstacles to high-quality, large-scale production of IVP embryos [40, 60] . The main obstacles in IVP embryo development are the production of excessive free radicals and the exposure of embryos to oxidative stress [42, 77] . A preimplantation embryo is vulnerable to reactive oxygen species (ROS) [35] . In preimplantation embryos and during oocyte development, various enzymes and metabolic pathways produce endogenous ROS [22, 56, 80] . Such ROS negatively affect the production, quality, and development of embryos; thus, it is important that the ROS level is low in embryo culture media [11] . ROS accumulation negatively affects protein synthesis and endoplasmic reticulum (ER) homeostasis in embryos [68] . When ROS production exceeds the antioxidant capacity of preimplantation embryos, oxidative stress occurs [27, 57] , and oxidative stress suppresses the embryo's defense capacity against ROS [3] . Normally, the production of ROS is counterbalanced by antioxidants, such as glutathione, vitamins C and E, and enzymes (e.g., catalase, superoxide dismutase, and glutathione peroxides), which convert the lethal ROS into less damaging molecules [66] . Excessive production of ROS causes different types of cell injuries including disturbed metabolism, amino and nucleic acid oxidation, mitochondrial and ER dysfunction, adenosine triphosphate (ATP) depletion, and apoptosis [49, 77] . Bain and colleagues reported that developmental arrest and damage in embryos are associated with excessive production of ROS during in vitro development [5] .
The ER is the major intracellular compartment responsible for protein folding and processing [76] . In eukaryotic cells, the ER is the first organelle in the secretory pathway. The ER is responsible for the production and modification of proteins and the accurate delivery of these proteins to target sites via the secretory pathway. All secretory proteins in the secretory pathway first enter the ER, where proper protein folding occurs [34, 40] . The term ER quality control (ERQC) refers to proper folding of proteins, which are then exported to the Golgi complex, while improperly folded proteins are retained in the ER to either complete correct folding or to be targeted for degradation via ER-associated degradation (ERAD) [18] . Accumulation of misfolded proteins in the ER disturbs ER functions, which ultimately triggers ER stress [53] . The response to ER stress is referred to as an unfolded protein response (UPR), which maintains cellular homeostasis; however, if the stress exceeds the tolerable level of the ER, apoptotic signaling is initiated [97] .
A preimplantation embryo is vulnerable to a variety of cellular stresses in vitro [41] . Several obstacles need to be overcome to achieve successful in vitro embryo production. The most crucial issue is to make the in vitro environment similar to that of the oviduct and uterus [91] . In vivo, oocytes and embryo are able to resist oxidative stress as a result of the actions of antioxidants present in follicular fluid [64] or those produced by the embryo and the oviduct [20] . Because protein folding is an important process in cell survival, all cells have sophisticated mechanisms to ensure that proper protein folding occurs and to prevent the accumulation/aggregation of misfolded proteins [16] . Yoon et al. [85] reported that when the oxygen concentration is similar to the in vivo concentration, the chances of ER stress and UPR are minimal. Protein folding reactions depend on appropriate environmental, metabolic, and genetic conditions. Any stresses that interrupt protein folding are a threat to cell viability [13, 29, 50] . In eukaryotic cells, all proteins that transit to the secretory pathway first enter the ER, where they are assembled and folded into multi-subunit complexes before transiting to the Golgi compartment [37] . A preimplantation embryo needs to replace maternal RNA with embryonic RNA, which requires extensive new protein synthesis, to continue its development [93] . These new proteins must be properly folded in the lumen of the ER in order to maintain preimplantation development. Various factors/processes that lead to an imbalance in the protein folding process in the lumen of the ER will activate the UPR, ultimately inhibiting blastocyst formation during preimplantation embryo development in vitro [6] . In this review, we will briefly summarize the role of the ER in the development of preimplantation embryos and the molecular pathways activated after ROS production.
Generation and impact of ROS in the development of preimplantation embryos
ROS is a broad term that not only refers to oxygen radicals (superoxide and hydroxyl), but also to some non-radical derivatives of molecular oxygen (O 2 ), such as hydrogen peroxide (H 2 O 2 ) [26] . In embryos, the metabolism of molecular oxygen is important [33, 79] , and the average consumption rate in morulaand blastocyst-stage bovine preimplantation embryos is 2 nL per embryo per hour [63] . In embryonic metabolic reactions, during the intermediate steps of oxygen reduction, ROS are formed from the superoxide anion radical O 2 − H 2 O 2 , and the hydroxyl radical OH − [24] . In blastocyst-stage rabbit preimplantation embryos, H2O2 and O2 − are produced at the fourth and fifth days post-coitum and remain for the rest of the preimplantation period [51] . The production of H 2 O 2 during mouse embryo development is higher in vitro than in vivo [22] . In in vitro culture, the level of ROS production is particularly important; an increased concentration of ROS results in oxidative stress and impaired mitochondrial function in germinal vesicleand metaphase II-stage mouse oocytes [62] .
The amount of ROS production differs among the various stages of embryo development. In mouse embryos, a large quantity of ROS is produced at two times: at fertilization and at the G2/M phase of the second cell cycle [58] . Oxidative stress contributes to the etiology of defects in embryonic development, and the production of ROS is triggered by embryonic metabolism and/or by the embryo's surroundings. Several enzymatic mechanisms are involved in the generation of ROS. The source of ROS and the irrelative contribution to the development of oxidative stress appear to differ depending on the species, the developmental stage, and the culturing conditions. There are several exogenous and endogenous factors and culture conditions that can enhance the production of ROS. Endogenous ROS is produced by various metabolic pathways and enzymes such as oxidative phosphorylation, -nicotinamide adenine dinucleotide phosphate (-NADPH) reduced oxidase, and xanthine oxidase (XO). Exogenous factors such as oxygen concentration, metallic cations, visible light, amine oxidases, and spermatozoa also have important roles in ROS production. In preimplantation embryos, inhibition of oxidative phosphorylation (OXPHOS) reduces ROS production, which produces a positive effect in both porcine and bovine in vitro embryo development [27] . Manes and Lai [51] described the production of superoxide anions and H 2 O 2 through NADPH oxidase on the rabbit blastocyst surface, whereas Nasr-Esfahani and Johnson [58] reported that an inhibitor of NADPH oxidase reduces H2O2 production in mouse embryos. In preimplantation embryo development, the end product of purine metabolism is xanthine [2] , and inhibition of XO results in a low level of ROS in preimplantation embryos [58] .
Oxygen concentration is also a factor in inducing ROS production. In monkey and rabbit oviducts, the O2 concentration is one-quarter to one-third of the atmospheric O 2 concentration [48] . In in vitro culture medium at 37 o C, the O 2 concentration is considerably higher than the normal concentration of O2 within cells [92] . In vitro culture at the atmospheric O 2 concentration elevates the ROS level in both mouse and bovine embryos, while a decreased O2 concentration (5%) increases embryo development in mouse [22] . Fischer and Bavister [19] reported that an increased O 2 concentration during in vitro culture of embryos leads to increased ROS production, which adversely affects embryo development and quality. In addition, the exposure of embryos to visible light increases the production of ROS in embryos during in vitro development [56] . ROS production is increased at fertilization and at cell cleavage in bovine zygotes [46] .
Role of the endoplasmic reticulum in response to stress stimuli
The ER is the first compartment of the secretory pathway in eukaryotic cells and is responsible for synthesis, modification, and delivery of proteins to the proper target site within the secretory pathway [21] . In the ER, a process termed quality control exports correctly folded proteins to the Golgi complex, while incompletely folded proteins are retained in the ER to complete the folding process [18] . The ERQC system is maintained by molecular chaperones, foldases, and lectins [72] . Proper folding of proteins or degradation of improperly folded proteins or folded polypeptides occurs in the ER, and ERresident chaperones try to prevent aggregation of proteins through the ERQC system [17] . The ER is also the site for sterol and lipid synthesis [65] . When the ERQC system fails to respond, unfolded proteins accumulate in the ER [17] .
The UPR includes different methods to re-establish protein synthesis, namely, translational attenuation to stop new protein entry into the ER, transcriptional activation of genes involved in protein folding, and transcriptional activation of genes encoding components of the ERAD system to decrease the number of misfolded proteins and inhibit activation of the apoptotic pathway to remove defective cells [4, 32] . Several signaling pathways are involved in the UPR, which helps to maintain the normal physiological status of cells [10, 12] . The UPR is increased in preimplantation mouse embryos at the 8-cell, morula, and blastocyst stages [1] . ER transmembrane protein sensors are involved in maintaining cellular homeostasis, including inositol-requiring enzyme 1 (IRE1), double-stranded activated protein kinase-like ER kinase (PERK) [87] , and activated transcription factor 6 (ATF6) [70] , along with the ER molecular chaperone immunoglobulin-binding protein (BiP), also known as glucose-regulated protein 78 [6] . BiP, which belongs to the HSP70 family, is a stress-inducible chaperone [36] . BiP consists of three domains, a peptide-binding domain, an ATPase domain, and a C-terminal domain [38] . To prevent aggregation of unfolded proteins and promote proper folding, BiP binds to unfolded peptides through its peptide-binding domain and uses energy from ATP to promote proper folding [39] . BiP also maintains ER calcium homeostasis by binding to calcium, helping to immobilize calcium [44] .
Under normal physiological conditions, BiP interacts with IRE1, PERK, and ATF6; however, when the level of misfolded/ unfolded proteins increases, BiP is released from these inducers, leading to activation of the UPR [7, 45] . Release of IRE1 from BiP induces non-conventional splicing of Xbp1 mRNA. Spliced Xbp1 (sXbp1) encodes a transcription factor that induces transcription of ER chaperones to maintain cellular homeostasis by participating in ER protein folding [23] , whereas ATF6 cleavage is required for transcription of Xbp1 which subsequently undergoes IRE1 dependent splicing [84] . Attenuation of active Xbp1 protein expression in mouse embryos at the 2-cell stage improves embryo development until the blastocyst stage [94] . Hao et al. [28] reported that the UPR in mouse preimplantation embryos contributes to embryo death. Increased ER stress during preimplantation embryo development triggers the UPR, negatively affecting blastocyst formation and decreasing blastocyst development [6, 96] .
ROS, mediated UPR signaling pathways in preimplantation embryos

IRE1 signaling/pathway
Mori and colleagues reported that IRE1-p is a bifunctional protein that possesses site-specific endoribonuclease (RNase) activity [54] . Two types of IRE1 have been identified, IRE1-alpha [81] and IRE1-beta [82] . The stress sensor IRE1-alpha is expressed in most cells and tissues [81] . The cleavage or splicing of IRE1-alpha and IRE1-beta are similar [59] . Suppression of IRE1-alpha causes embryonic lethality in mice [44, 67] , whereas suppression of IRE1-beta has no phenotypic effect, and those mice were only susceptible to experimental intestinal colitis. Under normal conditions, IRE1 is bound to BiP and is in an inactive form [7] ; however, an increased ROS level causes stress. Under such stress, IRE1 is released from BiP and changes to an active form [45] to control cellular homeostasis by participating in protein folding [39] . In cloned mammalian cells, overexpression of IRE1 activates BiP-and CHOP-encoding genes to promote cell death [72] . During bovine preimplantation embryo development, the activated form of IRE1 upregulates non-conventional Xbp1 splicing, activating transcriptional activator genes, which specifically results in the transcription of ER chaperones and the halting of embryo growth [75] . Inhibition of sXbp1 increases porcine embryo development and the expression of antiapoptotic genes, whereas the expression of proapoptotic genes decreases [95] . Moreover, inhibition of Xbp1 splicing in mouse preimplantation embryos reduces apoptosis and enhances embryo development [94] . Mori et al. [55] , as well as Patil and Walter [65] , reported that IRE1 is maintained in an inactive monomeric form due to its interaction with the protein chaperone BiP, whereas under ER stress conditions, IRE1-p is released from BiP and activates its RNase activity through homodimerization and trans-autophosphorylation, The RNase activity of IRE1-p cleaves a 252-base intron from the mRNA encoding the basic leucine zipper-containing transcription factor Hac1P; the spliced HAC1 mRNA encodes a protein that activates the transcriptional UPR element. Basar et al. [6] also investigated the role of BiP in preimplantation embryo development and found that the active form of BiP prevents blastocyst formation. During activation of the UPR, Fig. 1 . Schematic diagram of in vitro developing cells exposed to an increased ROS level, inducing hypoxia and activating endoplasmic reticulum (ER) stress. During ER stress, immunoglobulin-binding protein (BiP) binds to misfolded proteins and ultimately activates three branches of the unfolded protein response (UPR): (1) protein kinase-like ER kinase (PERK); (2) inositol-requiring enzyme 1 alpha (IRE1); and (3) activating transcription factor 6 (ATF6). PERK is activated by dimerization and autophosphorylation, leading to phosphorylation of eukaryotic initiation factor 2 alpha (eIF2), which activates transcription of ATF4, inducing the transcription of downstream genes. IRE1 produces a spliced form of Xbp1 due to its RNase activity. ATF6 is translocated from the ER to the Golgi body and is cleaved by protease activity to form active nuclear ATF6. the IRE1 RNase cleaves Xbp1 mRNA to remove a 26-nucleotide intron, which creates a translational frame shift to generate a large form of Xbp1. This Xbp1 contains a novel transcriptional activation in its C-terminus [43, 73] . The sXbp1 acts as a transcriptional activator that has a major role in the activation of a wide variety of UPR target genes, which include some genes that require the IRE1/Xbp1 pathway and encode proteins that function in ERAD [16, 43, 87] . These observations suggest that cells deficient in either IRE1 or Xbp1 are defective in ERAD [88] (Fig. 1) .
PERK signaling pathway
Because ER stress responses are increased in eukaryotes containing additional sensors for the UPR, which promote stress adaptation or cell death in a more complex but coordinated manner, immediate transient attenuation of mRNA translation occurs in order to prevent continued influx of newly synthesized polypeptides into the stressed ER [36] . PERK is an ER transmembrane sensor protein present in the lumen of the ER and is attached to BiP. Upon accumulation of unfolded proteins in the ER lumen, dimerization of PERK released from BiP and trans-autophosphorylation lead to activation of the eukaryotic translational initiation factor 2 alpha (eIF2) kinase function [28] . BiP plays a key role in proliferation and protection from apoptosis in the inner cell mass during early embryo development in mice [47] . PERK-mediated phosphorylation of eIF2 at ser51 initiates translation [25] . eIF2- phosphorylation inhibits the guanine nucleotide exchange factor eIF2-, which leads to inhibition of the exchange of guanosine diphosphate (GDP) with guanosine triphosphate (GTP) to form elF2--GTP-tRNA [30] . Aternary translation initiation complex is formed, which is required for AUG initiation codon recognition and joining of the 60S ribosomal subunit at the beginning of polypeptide chain synthesis. Translation initiation is dependent on the ternary complex, and a low level of ternary complex results in a low level of translation initiation [7] . The maximum level of UPR-dependent gene transcription is induced by PERK [66] . Activating transcription factor 4 (ATF4) is one of the basic transcription factors whose translation is initiated upon PERKmediated phosphorylation of eIF2 (Fig. 1) . PERK, eIF2, and ATF4 phosphorylation are required for genes involved in amino acid biosynthesis and transport functions and the antioxidative stress response, as well as for genes that encode apoptosis-inducing factors such as growth arrest and DNA damage 34 and CHOP [83] . ROS enhance the expressions of ATF4 and CHOP, which negatively affect the development of bovine embryos [85] . The UPR in mouse cumulus-oocyte cells impairs embryo development [78, 83] . Phosphorylation of eIF2 mediates the majority of PERK signals, but nuclear factor erythroid-2 (NRF2) also mediates PERK signals [28] . NRF2 is attached to the microtubule-associated protein Kelch-like ECH-associated protein 1 (Keap1) in the cytoplasm. Under conditions that induce the UPR, PERK phosphorylates NRF2 to support its dissociation from Keap1. NRF2-knockout cells are sensitive to ER stress-induced apoptosis. PERK is required for cell survival, and NRF2 is a direct PERK substrate and PERK affecter [14, 15] .
ATF6 signaling pathway
The ER membrane contains several cAMP response elementbinding (CREB) proteins such as the CREB/ATF6 transcription factors, which regulate multiple UPR-related genes. The most well-known of these proteins is ATF6, which forms the third branch of the UPR, together with PERK and IRE1 [9, 67] . Two homologous proteins, ATF6-alpha and ATF6-beta, are present in mammals [31] . BiP regulates ATF6 in a manner similar to the way it regulates PERK and IRE1 [74] . BiP regulates ATF6 through activation of two independent Golgi localization sequences, GLS1 and GLS2. BiP is attached to GLS1, but not to GLS2; thus, GLS1 is suppressed. However, BiP lacking GLS2 is dominant, which results in translocation of ATF6 to the Golgi complex and causes activation of ATF6 [69, 71] . Under normal conditions, ATF6 is in its resting form in the ER and is attached to BiP [8] . Upon unfolded protein accumulation, ATF6 is released from BiP and translocated to the Golgi complex [14] . In the Golgi complex, ATF6 is cleaved by site-1 and site-2 proteases [72] . These actions release the cytosolic N-terminal portion of ATF6 encoding a basic leucine zipper transcription factor [79] (Fig. 1) . ATF6 binds to ER stress response elements 1 and 2 [38] . This binding requires nuclear factor alpha Y subunit and CCAAT-binding factor (NF-Y/CBF) [86, 90] . Important genes targeted by ATF6 are BiP, Xbp1, and CHOP/ GADD153 during the UPR [84, 89] . In bovine preimplantation embryos, an increased ROS level enhances ATF6 expression, leading to upregulation of BiP, Xbp1, and CHOP, resulting in decreased blastocyst formation [52, 85] . A high level of palmitic acid in cumulus-oocyte complexes activates ATF6, negatively affecting mouse embryo development [83] . ATF6-alpha and ATF6-beta positively regulate transcription of ER-resident molecular chaperones and foldases, as shown by performing gene profiling analyses using overexpression of ATF6-alpha [59, 61] and ATF-beta [31] ; however, the heterodimer complex of ATF6-alpha and ATF6-beta is a transcriptional repressor of the BiP promoter [76, 80] .
Conclusion
In vitro fertilization and embryo development provide a unique window into embryonic cells, revealing cellular foundations that drive embryonic growth and development from the fertilized ovum into a competent blastocyst. A preimplantation embryo, while relatively simple in appearance, contains the cellular foundations to produce a highly complex mammalian organism. An increased ROS level in a preimplantation embryo leads to ER stress, which is involved in the etiology of defective embryo development. When ER stress exceeds the threshold of the UPR, apoptosis occurs. The adaptive response to ER stress, the UPR, is aimed at correcting overall protein processing in order to reduce the accumulation of misfolded proteins and restore normal cell function. If ER stress is severe or if the adaptive UPR fails, then cell death occurs. In the field of UPR research, further molecular research is required regarding the pathways that are activated after UPR signaling, especially in preimplantation embryos, because of the limited availability of previous reports. Additionally, further research is needed to determine whether one or several antioxidants should be used to detoxify ROS. Determining the most suitable medium for in vitro development of preimplantation embryos would provide the best possible start toward achieving the goal of an ROS-free environment. Further elucidation of new and relevant UPR signaling mechanisms in preimplantation embryos may provide useful clues regarding the regulation of normal embryonic development in vitro.
